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INTRODUCTION
The III-nitride semiconductors (GaN, InN, AlN and their alloys) have become a subject of intense research in the past fifteen years due to the unique physical properties of these materials, which include a wide direct bandgap, remarkable mechanical strength and high melting temperatures, as well as their huge commercial utility. The technological breakthrough in the epitaxial growth of InGaN structures [1] has revolutionized the optoelectronic industry, leading recently to robust and compact all-solid state light sources covering the broad spectral range from infra-red to ultraviolet. However, further advances in nitride technology, for example nitride laser diodes emitting in the green, red and ultra-violet spectral regions, require a deeper understanding of the microstructure and nanostructure of In x Ga 1-x N and In x Al 1-x N alloy films.
X-ray Reciprocal Space Mapping (RSM) is a powerful tool to explore the structure of materials. However, RSMs are usually measured in two dimensions (2D) ignoring the third dimension of diffraction space volume. The idea of full three-dimensional (3D) diffraction space mapping to obtain information on the 3D structure of materials was first introduced by Fewster et al [2] . In this paper we report the study of InGaN and InAlN epilayers by 3D RSM while probing the material with a microfocused X-ray beam.
EXPERIMENT
The samples studied were two nominally undoped wurtzite In x Ga 1-x N epilayers, labelled A and B, and one In x Al 1-x N epilayer, grown by Metalorganic Chemical Vapor Deposition (MOCVD) on GaN/Al 2 O 3 (0001) substrates. The nominal thickness of the InGaN and InAlN layers was 250 nm and 120 nm respectively. The GaN buffers were 1 µm or 2 µm thick for InAlN and InGaN samples respectively.
The microdiffraction experiments were carried out on beamline B16 at the Diamond Light Source, UK. The synchrotron storage ring operated at 3 GeV with a current of 200 mA. The Xray energy, selected by a Si(111) monochromator, was fixed at 12400 eV (1 Å). The X-ray beam was focused by beryllium Compound Refractive Lenses (CRLs). A set of 63 lenses was used to focus the X-ray beam down to a spot size with full widths at half maximum (FWHM) of 3.2 (horizontal) µm ×1.6 µm (vertical). The focal length was 750 mm and the effective aperture of the CRLs was calculated to be D eff ≈0.6 mm resulting in horizontal and vertical incident beam divergences of ~0.8 mrad. The demagnification factor of the lens system was estimated to be ~58. The required sample rotations and translations were performed using a high precision 5-circle Huber diffractometer with 0.1 millidegree resolution and a Huber XYZ sample stage. A Pilatus 100k detector with pixel size of 0.172×0.172 mm was used to record the diffracted X-rays from the sample. The measurements of the full 3D shape of the RLP corresponding to the InGaN epilayer is broadened due to both compositional gradient and strain variation. Reciprocal space coordinates Q y and Q z of the InGaN RLP are directly related to the lattice constants a and c respectively. Knowing the lattice parameters it is possible to estimate the InN content x by finding physically acceptable solutions of the two dimensional Poisson ratio equation [3] . The following input parameters required for the solution of Poisson equation were used: lattice constants c GaN =5.1850 Å, a GaN =3.1892 Å for GaN [4] , c AlN =4.98 Å, a AlN =3.111 Å for AlN and c InN =5.7033 Å [5] , a InN =3.5378 Å for InN [6] , and elastic constants [7] c 13 =103 Gpa and c 33 =405 Gpa for GaN, c 13 =99 Gpa and c 33 =389 Gpa for AlN [8] and c 13 =92 Gpa and c 33 =224 Gpa for InN. Sample A exhibits a compositional gradient: the InN fraction estimated from the breadth of the RLP varies from ~12% up to ~25%. The strain state of InGaN epilayer in this sample varies from fully relaxed to pseudomorphic to the substrate. The center of mass (COM) of the Figure 3 . Microfocusing allows us to disentangle lateral and vertical composition gradients on the length scales defined by the effective size of the X-ray beam. Figure 3 shows that the lateral composition variation is macroscopic and that it is much weaker than the vertical composition variation for a particular point on the sample. Figures 2 (c)  and (d) show the projection of the ) 3 1 10 ( RLP on to the Q x -Q z plane for samples A and B, respectively. What is observed here is that the "seeds" of composition gradient in both sample are inclined with respect to the COM of the InGaN RLP. In the case of sample A there are two somewhat diffuse "seed" tails inclined by 0.40° and 0.13° respectively. In the case of sample B there is only one sharp "seed" inclined by an angle of 0.19°. Heteroepitaxial films with large lattice mismatch to their substrates and exhibiting a high density of dislocations are best described as a collection of mosaic crystals [9] . The layer is assumed to consist of single crystallites, called mosaic blocks, tilted and twisted with respect to each other. Taking An unusual speckle pattern of diffracted X-ray intensity is observed for the InGaN "seed" in both samples. An example is shown in Figure 4 . The appearance of the speckles is due to partial coherence of the incident X-ray beam -the coherent sum of the scattering from a random array of domains results in a speckle pattern modulating a diffuse peak [10] . The significance of the speckle pattern is that it indicates that the size of the crystallites in the "seeds" is less than the transverse X-ray coherence length, which for B16 beamline is estimated to be ~250 nm after demagnification by CRLs and change of beam footprint for RLP on onto the Q y -Q z plane for InAlN sample measured at =20.251°, (b) Simultaneous fitting of experimental RBS spectra using NDF code [11] , signal due to Indium atoms is indicated by arrows.
CONCLUSIONS
In summary, 3D RSM with a microfocused X-ray beam reveals a complex structure of InGaN and InAlN epilayers on the microscale and smaller. Strain-free and twisted InGaN nanocrystallites, less than ~250 nm in lateral size, are observed at the lower end of composition gradient. Formation of strain-free InGaN islands during the initial phases of growth was also observed by in-situ 2D RSM [12] . Most importantly it was observed that structural and compositional disorder increases with growth time thus supporting suggestion that the islands observed in our ex-situ experiments correspond to the beginning of epitaxial growth. The twist of InGaN nanocrystallites is caused by the twist of the underlying GaN mosaic blocks which in the case of III-nitrides was found to be related to a-type edge dislocations [13] . The average size of the mosaic blocks in the GaN substrate, estimated from the FWHM of the diffraction peak along Q y [14] , is ~50 nm and ~100 nm for samples A and B respectively. The lattice mismatch between InGaN and GaN may be relieved by the microstrain associated with a-type edge dislocation. Thus, the initial stages of InGaN epitaxial growth correspond to Volmer-Weber growth with the nucleation of "seed" islands on strain fields generated by the a-type edge dislocations. As more of the substrate surface is covered, the structural disorder increases, as indicated by the breadth of the InGaN RLP. In case of InAlN epilayer the composition gradient was observed at the beginning of epitaxial growth. The existence and direction of composition gradient was confirmed independently by RBS. Thus, three-dimensional shape of RLP can provide information about epitaxial growth of semiconductor alloy epilayers.
